Abstract: Ground granulated blastfurnace slag (GGBS) is widely used as a partial replacement for Portland cement or as the major component in the alkali-activated cement to give a clinker-free binder. In this study, reactive MgO is investigated as a potentially more practical and greener alternative as a GGBS activator. This paper focuses on of the hydration of GGBS, activated by two commercial reactive MgOs, with contents ranging from 2.5 to 20% up to 90 days. The hydration kinetics and products of MgO-GGBS blends were investigated by selective dissolution, thermogravimetric analysis, X-ray diffraction and scanning electron microscopy techniques. It was found that reactive MgO was more effective than hydrated lime in activating the GGBS based on unconfined compressive strength and the efficiency increased with the reactivity and the content of the MgO. It is hence proposed that reactive MgO has the potential to serve as an effective and economical activator for GGBS.
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Introduction
Alkali-activated ground granulated blast-furnace slag (GGBS) are sustainable alternatives to PC due to their low initial capital cost of the raw material and the saving of energy and resources, and the elimination of CO 2 emissions from chemical reactions in the kiln, leading to much lower CO 2 emissions [1] . The properties of alkali-activated slags (AAS) depend on several variables such as the GGBS composition [2] , activator type and content [3, 4] , and curing conditions [5, 6] . According to [7] , the slag activation process begins with a destruction of the slag bonds (e.g., Ca-O, Mg-O, Si-O-Si, Al-O-Al and Al-O-Si) followed by the formation of a Si-Al layer all over the surface of slag grains and finally, the formation of the hydration products such as C-S-H and hydrotalcite [4] . pH is reported to be the major factor controlling the slag activation process (rather than the activating cation) with higher pH environment inducing better slag activation and higher mechanical strength [4, 8, 9] .
Numerous research efforts have focussed on the activation of GGBS by various alkali-metal hydroxides and silicates such as NaOH, KOH or alkali salts such as waterglass and Na 2 SO 4 and their mixtures [4] . However, several issues concerning the use of such strong alkalis exist, which prevent the widespread use of AAS including over-rapid setting, the difficulty of handling the caustic alkali, uneconomical efficiency and high shrinkage levels [1] in addition 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 4 MgO activated GGBS blends in the ground improvement application showed that 10-20% addition outperformed corresponding Ca(OH) 2 activated GGBS with strength values of up to 4 times higher [14] . In addition, the effect of MgO in the AAS system has been investigated by a number of researchers, either in the form of internal MgO from slag composition [15] , where Mg act as an element of the glass network [16] , or external MgO by additional mixing [17] . It should be noted the reactive grade (calcined at less than 1000 °C) is often selected as the external MgO added to the slag. Ben Haha et al. [15] investigated the effect of MgO content (internal) on the performance of AAS and revealed that the main hydration products are calcium silicate hydrate (C-S-H) gel and hydrotalcite-like phases (Ht), which are more voluminous than C-S-H, resulting in a less porous structure and higher strength.
Thermodynamic modelling showed that up to 7% MgO content would be totally incorporated in Ht while higher content would produce brucite [15] . Gu [18] used reactive MgO to replace 40% slag with K 2 CO 3 and sodium silicate as the activators and found that the strength was only slightly lower than the control although no explanation was provided regarding the role of the reactive MgO in the mix. In the work by Shen et al. [17] , a commercial light-burnt dolomite (mainly contains reactive MgO and MgCO 3 ) was added in the water glass-activated slag and fly ash blends, and the results indicated that the hydration of reactive MgO decreased the shrinkage ratio of the paste, and no interaction between MgO and other components was observed in the microstructural analysis.
However, it is known that the characteristics of reactive MgO vary significantly [19] , depending on their raw material, calcination conditions and the type of impurities and their content [20, 21] , which may affect their performance in the activation process. None of the above studies investigated the hydration kinetics of reactive MgO-GGBS paste or the effect of different types of reactive MgO on the hydration process. Furthermore, the evolution of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   5 hydration products requires more detailed research to elucidate the different roles that external reactive MgO and internal MgO (in the glass network) play in the mixture.
Hence this paper presents an investigation of the hydration of MgO-activated GGBS pastes using two commercially available reactive MgO samples. The hydration products were investigated by X-ray diffraction (XRD) and thermogravimetry analysis (TGA). In addition, the hydration kinetics was studied by chemical dissolution and quantification of the nonevaporable water content (NEW). Finally, scanning electron microscopy (SEM) combined with energy dispersive X-ray spectroscopy (EDS) was employed to study the microstructure and the elemental composition of the hydrated phases. Based on the experimental results, the effects of the reactivity and content of the reactive MgO on the slag activation process were discussed. [19] (smaller value indicates higher reactivity, so MgO 90/200 is more reactive). Since the chemical compositions of both MgO are similar, the large difference in their reactivity values was attributed to their calcination conditions. With the increase of burning temperature and/or burning time, the surface area and the crystal lattice decreased and the particle size increased resulting in decrease in the reactivity of MgO [22] . The BET surface area of MgO samples were determined from nitrogen adsorption- MgO-GGBS pastes were used in which the added MgO content ranged from 2.5% to 20% by weight of the total binder. The water to cement ratio (w/c) was set as 0.32 for all the pastes based on the standard consistence (as per [23] ) of 10% MgO 90/200 and 90% GGBS paste to ensure good workability. Standard consistence is defined as the water to solid ratio which permits the Vicat plunger to penetrate to a level of 6 ± 2 mm from the bottom of the Vicat mould. Pure GGBS and hydrated lime (Ca(OH) 2 ) activated GGBS pastes were also made for Table 2 .
Materials and Methods

Two
Raw materials were mixed in a bench-top food mixer and cast into 40 mm cubic moulds. The fresh AAS paste cubes were demoulded after 24 hours and then transferred into a deionised water tank and cured for 7, 28, 56 and 90 days at a temperature of 20±1 °C. The unconfined compressive strength (UCS) of the samples, in triplicate, was then determined according to [24] at a loading rate of 2400 N/s on a CONTROLS ADVANTEST 9 strength test machine at each curing age. The crushed samples were ground and mixed with deionised water at a water to solid ratio of 1 to determine the AAS paste pore water pH according to [25] , which reported that this method gave the pH values close to the directly squeezed pore water using high pressure. Eutech pH 510 meter with accuracy of 0.01 was used throughout the study.
The remaining powder and some sliced samples were stored in acetone to arrest the hydration and vacuum dried for at least 7 days prior to TG, XRD, and microstructural analyses. Once dried, the samples were further ground to pass through a 75 µm sieve. To evaluate the slag reaction degree, duplicate 0.5 g samples were dissolved in salicyclic acid-methanol-acetone solvent and the remaining powders were filtered, dried and then ignited to 1000 °C as proposed by [26] . In this study, the commonly used Ethylenediaminetetraacetic acid (EDTA) method is replaced by the salicyclic acid-methanol-acetone method to determine the slag reaction degree considering the high amount of Ht formed according to [26, 27] . XRD measurement was carried out on the Siemens D5000 X-ray diffractometer using a scanning range from 5 to 60 (2θ), with scanning speed of 2 s/step and resolution of 0.05 °/step to identify the hydration products formed. TGA was conducted on PerkinElmer STA6000 equipment from 40 to 1000 °C with the increasing rate of 10 °C/min. The TG curves were also used to calculate the value of NEW [6] for each sample, which is estimated from the weight loss between 50 and 800 °C after being normalised by the ignited weight of the sample. The slag reaction degree and NEW data were compared to evaluate the reaction kinetics of the MgO-GGBS blends. It was found that weight loss after 800 °C was negligible from the TGA results. SEM/EDS was performed on the JEOL 5800LV machine and roughly 30 points on each sample were picked for determination of elemental composition of the gel. Figure 1 shows the UCS development of the MgO-GGBS pastes together with corresponding Ca(OH) 2 -activated GGBS pastes for comparison. For Ca(OH) 2 -activated GGBS, the optimum activator addition was found to be 10%, which agrees well with [5] . The two types of reactive MgO samples showed different performances in activating the GGBS. Generally, the more reactive MgO (MgO 90/200 ) produced the higher UCS values for each curing age at the same level of MgO addition. Up to 56 days, the strength of the M h -GGBS blends increase with the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 8 MgO content up to 15wt%. The UCS for paste with 15% M h addition reached approximated 40 MPa after 28 days, which was 50% higher than the corresponding Ca(OH) 2 -GGBS paste.
Results and Discussion
Unconfined compressive strength and pH development
Further addition of MgO did not make any difference in terms of UCS. At 90 days, 10wt%
MgO addition gave the highest UCS value, probably because further addition of MgO caused decrease of the GGBS content and cracks were observed to have formed due to the expansive nature of the Ht (see XRD and SEM results).
On the other hand, the UCS values of M l -GGBS blends were only slightly higher than the inactivated GGBS up to 10wt% MgO addition. It should be noted that at 15% addition (i.e., Although the 7 days pH values varied significantly and seemed not to be affected by the MgO reactivity or content, all the 28 day pH values dropped to below 12 for those samples containing less than 10% MgO in the M h -GGBS blends and less than 15% MgO in the M l -GGBS blends. It was found that although the CaO content in M l is twice than that in M h , that the relative small content of this impurity did not make much difference to the whole system pH, which could be due to the relatively fast reaction between Ca(OH) 2 and silica in the slag to form C-S-H. The pH values of the Ca(OH) 2 -GGBS blends were all over 12 regardless of the curing time, which explains their higher early strengths than MgO-GGBS blends with low MgO addition levels. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   9 The evolution of slag reaction degree with the MgO content at different curing ages is plotted in Figure 3 . It shows that an increase in the curing time and MgO (both internal [15] and external) content increased the slag reaction degree. At 7 days, the slag reaction degree was extremely low for all blends and changed marginally with reactive MgO content (the high value for M l -5 is attributed to experimental error). At 28 and 90 days, the slag reaction degree approximately increased proportionally to the reactive MgO content. In all ages, slag in M h -GGBS blends showed higher reaction degree compared to that in M l -GGBS blends. It should be noted that the slag reaction degree for C-10 reached 24.8% at 28 days, which is much higher than that of MG blends. The higher slag reaction degree in Ca(OH) 2 activated system is attributed to the higher pH as discussed above; however, it is surprising that higher strength was achieved when MgO content was over 15%. It is claimed by Ben Haha et al. [15] that higher MgO content (internal) in slag cement will increase the quantity of Ht-like phases which is more voluminous resulting in lower porosity. In order to confirm that the higher strength of MgO-GGBS blends comes from better pore filling effect of its hydration products, 10% of each activator (i.e., Ca(OH) 2 and M h ) was mixed with slag in different w/c.
Slag reaction degree
The strength result is presented in Figure 4 in which it is obvious that in the short term (less than 28 days), Ca(OH) 2 activated slag showed higher strength regardless of w/c used while M h activated slag exhibited its advantage only after 90 days. At w/c = 0.32, the UCS of the M h -GGBS blend was approximately 50% higher as that of Ca(OH) 2 -GGBS blend, and the discrepancy was lessened by increasing w/c. At w/c = 0.5, there was almost no difference between these two activators in terms of UCS at 90 days. It is hypothesised that at lower w/c ratio, the hydration products of MgO and GGBS were more effective by filling the pores while higher initial w/c results in larger pore volume in the cement matrix, the contribution of this pore filling effect to strength is mitigated. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 GGBS blends, C-S-H can be identified as a broad peak at 2θ = ~29.5°. In addition, various peaks for tobermorite-14 Å phase were detected. Gehlenite hydrate phase at 2θ = ~25° was identified for all the mixes. The decreasing intensity of gehlenite hydrate with the increase of MgO content is consistent with the modelling results by Ben Haha et al. [3] . Newly formed peaks of Ht at 2θ = 11.7 and 22.3° were found in the M h -10 blend after 7 days, and the peak height increased with curing time and MgO addition level indicating that more Ht formed with more MgO present and longer curing times. Calcite peaks were detected due to the impurity in the raw material and the carbonation of hydration products by exposure to the air.
For M l -GGBS blends, the abovementioned peaks for, tobermorite-like C-S-H, gehlenite hydrate and calcite were also found with relatively lower intensity suggesting lower hydration degree. In addition, Ht was only detected for the 15% M l addition level at 28 days in the XRD pattern indicating that with the addition of the more reactive MgO, Ht is more easily formed.
The XRD results agreed well with previous studies that Ht and C-S-H are the main products of alkali-activated slag when Mg is present [15, [28] [29] [30] . It also suggested that Ht made a significant contribution to the strength gain as reported by [15, 30] . It should be noted that in all mixes tested, no brucite was observed, suggesting that all the brucite was consumed by the reaction with GGBS, which contradicts with the modelling result by Ben Haha et al. [15] . 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11
The absence of brucite also simplified the data interpretation in the TG curves (see next section) since the decomposition temperatures of brucite and Ht overlap [31, 32] .
According to [33] [34] [35] [36] , the mechanism of alkali-activation includes the destruction of the prime material into low stable structural units, their interaction with coagulation structures and the creation of condensation structures. In the MgO-GGBS blends, the first steps consist was confirmed in numerous papers [37] [38] [39] . However in this study, due to the low crystallinity of M-S-H [40] , it is hard to be distinguished by XRD.
TGA
TG and first derivative of TG (DTG) signs are direct and very fast measurements of the weight loss and its rate of occurrence during analysis, by which different materials are identified based on their thermal characteristics [41] . The DTG curves of M h -GGBS and M l -GGBS blends with varying MgO addition are shown in Figure 6 . From the DTG curves, three major humps involving several tiny peaks were observed as described below: [39, 42] . The small shoulder at ~80-130 °C could be attributed to AFm, gehlenite hydrate [41, 43] or Ht [44] .
At temperatures up to 250 °C, this involves the dehydration of C-S-H, and possibly M-S-H
2. The temperature range of 300 to 550 °C includes mainly the decomposition of Ht since brucite was found to be totally consumed by the reaction with slag from the XRD analysis. In addition, the tiny peak at around 530 °C was attributed to the loss of coordinated water in M-S-H [39, 45] .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   12 3. The temperature range of 550 to 800 °C is the decomposition range of various carbonate-containing phases including magnesium carbonate, calcite [46] and Ht [47] , originating from the raw material and the carbonation due to exposure to the air.
Although several authors [48, 49] tried to quantify each hydration phase by thermal analysis, it is claimed that the quantification of the amount of each phase is not possible since there are too many overlaps in each temperature range [30] . Therefore the weight loss is divided into three main stages without differentiation between the phases. The first weight loss between 50 and 250 °C, in this study is denoted as Δm 1 and the second hump at 250-550 °C denoted as Δm 2 . In addition, the NEW was calculated by the weight loss between 50 and 800 °C.
Herein all the weight losses were divided by the final ignited mass. Table 3 lists the evolution of Δm 1 , Δm 2 and NEW with the increase of reactive MgO addition and curing time. There is a clear trend of an increase of all three variables for the MgO-GGBS blends with the increase of MgO content as well as the curing time, which is attributed to the higher hydration degree thus more hydration products formed. Generally, with the same amount of reactive MgO addition, M h -GGBS blends give higher values for all of the three variables. The TG data agreed well with the UCS results considering that an increase in the hydration products causes strength gain due to filling of pores occupied by water previously.
Non-evaporable water content is often used as a measurement of the hydration extent of plain Portland-cement pastes [50] and also blended cements with slags [3, 6] . The approximate linear relationship between NEW and slag reaction degree is presented in Figure 7 . The imperfect fitting is attributed to the varying composition and stoichiometry of the hydration products. The correlation between NEW and UCS is depicted in Figure 8 , which shows an approximately linear relationship in the short term (7 and 28 days, in this study), which is in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 agreement with [3, 51] . However, at 90 days, the linear relationship is not satisfactory due to (a) the evolution of the hydration products and the change of the stoichiometry, e.g., the change of the incorporated water content in the C-S-H and Ht structure [52] ; and (b) the formation of the cracks resulted from expansion of the hydration products, i.e., although the hydration is still progressing, the strength gain stops due to cracking in the cement matrix.
Microstructural and elemental analysis
SEM images of M h -GGBS blends with 5, 10, and 15% MgO additions are shown in Figure 9 .
At 5% addition, the irregular slag particles were loosely stacked, which explains its low strength. Significant changes are observed in M h -10 and M h -15 blends, showing a much denser microstructure with irregular slag particles connected by gels. The C-S-H aggregates were distributed on the surface (Figure 9 (d) and (f) ). In addition, small cracks were visible for both M h -10 and M h -15 blends (Figure 9 (d) , (e) and (f)) due to the expansive nature of hydration products and the low water to cement ratio used in this study. Fibrous Ht was detected in M h -15 blend growing on the C-S-H gels (Figure 9 (f) ), which agrees with the XRD results. According to the modelling of [15] , Ht phases are more voluminous than C-S-H gels, resulting in a matrix with lower porosity in an adequate quantity; however, it is found that when too much reactive MgO is present in the blend, the over-expansion causes volume instability and may be detrimental to the strength. This is probably the reason why after 28 days, there is almost no strength gain for MgO h -GGBS blends at over 10% reactive MgO addition (Figure 1(a) ).
To determine the elemental compositions of the hydration products, EDS were performed on resin-impregnated polished samples. Roughly 30 points on the gel were picked up for each sample at a magnification of 2500. Figure 10 plots the Mg/Ca vs. Al/Ca ratios of the gels in the M h -GGBS blends hydrated for 7 and 28 days. Extrapolating the straight line to Mg/Ca = 0 gives a positive number, indicating that the C-S-H gel also contains a proportion of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 aluminium either in solid solution within the C-S-H structure or in an AFm form finely intermixed with it [29] . There is a linear relationship between the two ratios with the points lying on a line with Mg/Al ratio of 1.08 for blends with 5% reactive MgO content regardless of the curing time. With the increase of reactive MgO content, it is clear that the data points locate mostly above the fitted line indicating that the Mg/Al ratio increases. Due to the large variation of the data, it is not possible to generate a linear relationship between reactive MgO content and the Mg/Al ratio, which revealed the heterogeneity of the Ht composition, giving support for inconsistent changes of the NEW data with curing time as mentioned above. It should be noted that the result is contrary to the findings regarding the effect of internal MgO on the Mg/Al ratio according to [15] , who found that the Mg/Al ratio barely changed with increased MgO content in the slag composition.
Discussion
The hydration chemistry that involves MgO and other cementitious materials was summarised by Bakharev [53] . In PC paste, brucite is the most favoured product, while in the presence of fly ash, silica fume and/or slag, brucite is usually accompanied with hydrotalcite and M-S-H gel [53] . In alkali-activated slag paste, Ben Haha et al. [15] revealed that the main hydration products are C-S-H gel and Ht, where a higher content of MgO in slag composition produced more Ht. However, those studies only investigated dead burned MgO from PC or MgO in the glass network from the slag composition instead of reactive MgO as an additive in the mix.
Recently, the hydration between reactive MgO and conventional cement additives were studied extensively. In the reactive MgO and silica fume blend, it was found that M-S-H was the major hydration product [37, 39] . Vandeperre et al. [54] studied the microstructure of the reactive MgO and pulverized fly ash (PFA) blends and observed brucite and a very small 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15 quantity of hydrotalcite from by XRD, which was consistent with results in [55] , who reported the formation of Ht on hydrating mixtures of alumina with reactive MgO.
Combining the hydration mechanisms of conventional alkali-activated slag (i.e., glass network of CaO-MgO-Al 2 O 3 -SiO 2 ) [33] [34] [35] [36] , the hydration mechanisms of reactive MgO-GGBS can be proposed.
In contact of water, MgO dissolves as follows [56] :
The dissolution of MgO provides an alkaline environment followed by the breakdown of the covalent bonds (Si-O-Si and Al-O-Si) in GGBS particles [57] . Impermeable coatings of aluminosilicates deposit on the surface of the slag grains within a few minutes of exposure to water, hindering further hydration reaction [4] . If the pH is not high enough, there will not be sufficient OH -to break the Si-O and Al-O bonds for the formation of the hydration products.
Song et al. [4] claimed that the pH should be over 11.5 to initiate the activation process, while in another study, the value is reported as 12 [58] . The results in this study seem to confirm the latter value and also demonstrated that 10-15% reactive is able to maintain the pH value above 12 to activate GGBS effectively. 
The formed Ht has a significant effect on the mechanical performance of reactive MgO-GGBS blends since it occupies more space than C-S-H resulting in less porosity compared to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 16 the corresponding Ca(OH) 2 -GGBS blends. Preliminary study showed that by increasing the MgO 90/200 content to 50% or by using a highly reactive MgO (reactivity value = 10 s, at 20%), brucite was also detected in the blends since in that case, the consumption rate of Mg 2+ by slag was lower than the dissolution rate of MgO. Consequently, the pore water will soon be supersaturated by Mg 2+ and OH -and Mg(OH) 2 nucleation and growth set immediately:
In this study, up to 20% MgO 90/200 did not produce any brucite since the dissolved Mg 2+ was soon consumed by the slag and was not able to achieve the supersaturation state.
The composition of the Ht in various cement systems has been studied by many researchers.
For the cases of MgO contained in slag composition, it is claimed that the slag (initial Mg/Al=1.51) hydration produce the same form of Ht (Mg/Al ≈ 2.30-2.55) no matter what system it has been put into: unactivated, PC blend or hydrated lime-activated [29] . Contrary to that, Ben Haha et al. [30] found Mg/Al ratio of the hydration products were 1.24, 1.38 and 2.02 when the initial Mg/Al in the raw material (by increasing Al content) were 0.49, 0.60 and 1.29, respectively, while MgO content has no effect on the Mg/Al ratio [15] . Yi et al. [13] investigated the Ca(OH) 2 activated slag (initial Mg/Al = 0.86) and found the Mg/Al ratio in the hydration products was ~1.1. On the other hand, when reactive MgO was added, Yi et al.
[13] reported a Mg/Al ratio of ~2.0 when reactive MgO content was 10% and 20% in the MgO-GGBS mixture although the variation of the data was relatively large. In this study, note that the initial Mg/Al is ~0.78 in the slag used here. It is found that 5% of reactive MgO addition generates the Ht with Mg/Al ratio of ~1.1, which is consistent with Yi et al. [13] and Ben Haha et al. [30] . The Mg/Al ratio increased with the increase of reactive MgO content in the mix; however, this ratio varies in a wide range indicating the heterogeneous composition of the Ht formed when using reactive MgO compared to that formed by internal MgO. 
Conclusions
By comparing the UCS, pH values and porosity of MgO-GGBS blends, using two different reactive MgOs, and also with Ca(OH) 2 -GGBS blends and studying their hydration products by means of XRD, TGA and SEM/EDS, reactive MgO is found to activate GGBS effectively.
The following conclusions can be drawn:
1. The reactivity of MgO affects the performance of MgO-GGBS blends, such that the more reactive MgO gives higher UCS values and more hydration products in the same curing time.
2. The pH is found to be the major controlling factor in the activation process, which is affected by the reactivity and content of reactive MgO.
3. Although reactive MgO dissolves less slag in the same curing time compared to Ca(OH) 2 due to lower pH, it is found that higher strength can be achieved at the low w/c, which is attributed to better pore filling capacity of the hydration products.
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